Burst testing is used to assess the performance of stainless steel pressure vessels designed to contain tritium, a radioactive isotope of hydrogen. Burst ductility of tritium-exposed vessels is reduced in time as a result of the combined embrittlement effects from tritium that has diffused into the microstructure and its radioactive decay product, helium-3. A materials system model and finite element procedure were developed to predict burst pressure and the vessel volume change (ductility) during burst testing. The model is used to predict changes in burst pressure and ductility from the tritium service history, known values of tritium diffusivity, and published data on the effects of tritium and helium on the tensile properties of stainless steel. Good agreement has been achieved with actual burst test data for unexposed vessels. It is shown that the service history could be used to derive values of tritium concentration in the metal and the depth of penetration in the vessel sidewall. These values could be used in the finite element model to predict values of burst pressure and burst ductility for tritium-exposed vessels.
INTRODUCTION
The burst test is an industry standard approach to evaluate pressure vessel/pipeline design and weld joint performance. In the case of storage vessels containing tritium (radioactive isotope of hydrogen), the burst test is an established protocol in evaluating the material performance after extended tritium service, from which tritium decays into a nonradioactive isotope of helium, helium-3.
The ductility of the tritium-aged material is significantly reduced as a result of helium-3 precipitated in the microstructure of the metal due to tritium decay, in addition to the effect of hydrogen (tritium) embrittlement. However, the burst testing for previously loaded vessels is very difficult and costly because of challenges associated with tritium off-gas and contamination control. As a result, it is desirable that an analytical/numerical technique be developed to complement, or even provide an alternative to, the burst testing. The method should be capable of predicting the burst pressure, and more importantly, the volume ductility which is a measurement of the change in volume of the vessel at burst failure.
The first part of the paper describes the development of the model, analytic procedure, and material data for predicting vessel burst performance. The tensile specimens were harvested from unexposed vessels by using Electric Discharge Machining (EDM). Because the tensile specimens are curved, the test data must be adjusted. The procedure is described in the paper. This set of material properties was used to benchmark the burst test of an unexposed vessel. It can be shown that the finite element result is in good agreement with the burst test data when the stress-strain curve was scaled so the yield stress is 434 MPa (63 ksi), within the acceptable range of forged stainless steel (Type 316L). The actual failure location coincides with the calculated location of maximum Mises stress or maximum plastic strain. A strain-based failure criterion is proposed, that is, the volume ductility is proportional to the maximum equivalent plastic strain that occurs in the sidewall. However, a complete material database including the aged material properties are needed to validate the proposed failure criterion for a specific tritium vessel.
The second part of this paper describes the approach of evaluating tritium-aged materials to facilitate input into the model. In the absence of actual tensile properties for the exposed material, a set of simplified stress-strain relationships was obtained based on literature data in terms of the helium-3 concentration in the metal. However, to account for the formation of the mudflat cracks, which are typically found in the post-test examination on the inner fracture surface of the tritium-exposed vessels, and to postulate that these cracks may be initiated at the yield stress of the exposed material under internal pressure loading, an elastic-perfectly plastic behavior (i.e., nonhardening) is assumed. The results show that the burst pressures are similar for various exposure levels but the reduction of volume ductility has changed significantly when higher helium concentration is accumulated in the metal.
Since the tritium and helium profiles in the vessel wall are sensitive to the loading and service histories of the vessel, the burst properties (pressure and volume ductility) may be vessel dependent. Finite element analysis using vessel-specific models is proposed when the exposed tensile properties are available.
BENCH-MARKING UNEXPOSED VESSEL BURST TEST

Material Testing and Tensile Properties
The material of construction of the vessels under consideration in this paper is a forged austenitic stainless steel of type 316L, which has a yield strength in the range of 379 to 517 MPa (55 to 75 ksi, note that the yield strength of a typical annealed stainless steel is about 207 MPa or 30 ksi). The minimum ultimate tensile strength (UTS) is 586 MPa (85 ksi). Using the standard round tension test specimen as specified in American Society for Testing and Materials (ASTM) E 8 Standard Test Methods for Tension Testing of Metallic Materials (12.7 mm or 0.5 in. diameter with 50.8 mm or 2 in. gage length), the elongation and the reduction of area should meet, respectively, 35% and 40%.
Tensile specimens from a mock, non-exposed tritium vessel were harvested in the longitudinal and transverse directions with respect to the orientation of the vessel using an EDM. As seen from Figure 1 , the specimens are curved with a typical thickness of 0.58 mm (0.023 in.), which was chosen to obtain averaged tensile properties of tritium and helium-bearing material. The specimen width and the reduced section length are 1.57 mm (0.062 in.) and 7.62 mm (0.3 in.), respectively. The dimensions of the specimens were chosen to minimize the curvature effects for the load frame. Both longitudinal and transverse tensile specimens were tested. A typical stress-strain curve for the longitudinal specimen (from Specimen R2SL-2 No. 33) is shown in Figure 2 . The initial portion of the stress-strain data (see Fig. 2 ) were affected by the specimen curvature. This effect is accounted for and the actual tensile flow curve is recovered by the procedure described in the next section. The corrected engineering stress-engineering strain curve (Fig. 3) can be converted to the true measures (Fig. 4) for analyses involving large deformation such as in the event of burst test.
Longitudinal Longitudinal
Transverse Transverse Figure 1 Typical longitudinal and transverse tensile specimens harvested from a mock, non-exposed tritium vessel using EDM 
Adjustment for Tensile Test Data
The procedure for correcting the initial portion of the stress-strain curve, and the subsequent conversion to the true stress-true strain curve with Bridgman hoop stress correction for the failure stress and strain are described in the following:
1. The standard Young's modulus (or the modulus of elasticity) for stainless steels (193 GPa or 28,000 ksi ) is used for all specimens because this value is in general insensitive to this class of metallic materials at room temperature. The tensile tests performed in this study were not optimized or designed for the determination of the Young's modulus at very small strain range. 2. A straight line is identified in the initial portion of the engineering stressengineering strain curve (see Fig. 2 ). Note that the slope of the line (E')is different from the Young's modulus (E), which is set to 193 GPa (28,000 ksi).
The stress value at which the stress-strain curve begins to deviate from the initial straight line is considered as the yield stress of the material at zero plastic strain (the definition is different from the standard 0.2% offset yield stress). 3. The plastic deformation is defined as the total deformation minus the "as-tested" elastic deformation. In terms of engineering stress and engineering strain, it is defined as ' , where is the engineering plastic strain, is the / Figure 3 is then re-plotted as the true stress ( )-true total strain ( ) curve. This is necessary for the large deformation finite element analysis, for example, using the ABAQUS code [1] , in which the true stress-trueplastic strain curve is used (Fig. 4) . The true plastic strain ( ) is defined as Figure 4 , the true stress-true plastic strain curve, any data point after necking takes place, or beyond the ultimate tensile strength (UTS) where the maximum uniform elongation occurs, should be corrected because the stress state is no longer uniaxial. For practical purpose, all the data points after UTS are discarded except the failure point, for which the final cross-sectional area of the test specimen can be measured. The original Bridgman correction [2] for the round bar tensile specimens are formulated as where is the (true) failure stress, P f is the load at failure, R f is the final measured gage section radius, and R N is the measured radius of curvature of the
The true strain at failure based on the reduction of area is calculated by where is the undeformed radius of the gage section.
Instead of using the original Bridgman formulation, a simplified correction [3, 4] that employed an empirical curve developed by Bridgman for steels was used:
where is the corrected true stress, σ is the true stress calculated as the load per unit current cross-sectional area, and for
No correction is needed for < 0.15. Note that in the above expression, log is the 10-based logarithm. This simplified method is suitable for the flat specimens with rectangular cross-sections.
( )
As an example, the failure point in the stress-strain curve is corrected as shown in Figure  4 (solid curve), which can be readily used in the large deformation finite element analysis, such as the burst test prediction in this paper. For this study, only the unexposed mechanical properties for this type of vessel steel were available. Additional testing for tritium aged specimens has recently been conducted and will be included in future analysis.
Finite Element Analysis
The burst test analysis involves both material nonlinearity (beyond linear elasticity) and deformation nonlinearity (large strains involving higher order displacement gradients) . A full stress-strain curve is generally required (Fig. 4) . The Riks algorithm was developed for this type of analysis where an equilibrium solution is required for the unstable state. This algorithm is available in the ABAQUS Standard [1] for static analysis. With available laboratory-controlled burst tests for mock-up pipes and actual vessels, the finite element analysis was performed to 1) verify the deformation shape; 2) predict the failure location; 3) compare the calculated pressure-volume relationship to the measured data; and 4) develop failure criteria for predictive testing.
Finite Element Model
The configurations of the tritium vessels 1 and the mockup pipes allow an axisymmetric finite element analysis 2 to be employed. To compare with the test data, it is important to obtain the instantaneous volume change during pressurization. This is achieved by implementing the hydrostatic fluid elements in the ABAQUS analysis [1] . Incompressible hydraulic fluid behavior is assumed. These hydrostatic fluid elements (FAX2) are attached to the standard axisymmetric elements (CAX4) of the pressure vessel (vessel) inside wall. Both the fluid pressure and the cavity volume can be monitored during the deformation.
Most of the results in this paper for a prototypic test vessel were obtained from a model with 705 elements and 719 nodes. There are 5 elements across the thickness of the vessel sidewall. A larger model consisting of 3544 elements and 3564 nodes with 20 elements across the sidewall was also used to investigate the mesh sensitivity. It was concluded that the coarser mesh provided sufficient accuracy and was appropriate in this study.
Comparison of Deformation and Prediction of Failure Location
A deformed finite element mesh at the predicted burst pressure was superimposed on the photograph of a burst mockup pipe. Figure 5 shows that the calculated shape agrees well with the post-burst specimen. The Mises stress contours are plotted over the deformed shapes of several prototypic test specimens subject to burst test in Figures 6a, b , and c. The warmer colors represent higher stress levels and coincide with the locations of failure. In general, the failure location is in the middle of the sidewall with uniform thickness, as can be seen in the photograph in Figure 5 . However, as shown in Figure 6c , when a thinner cap was fabricated for the test specimen, the failure occurs in the cap region. This has been verified experimentally.
Comparing the contour plots of the Mises stress and the corresponding equivalent plastic strain (PEEQ in ABAQUS [1] ), it can be concluded that the stress or strain criterion would be equivalent in predicting failure in a burst test. However, the strain-based criterion may be favorable since the strains can be measured directly. Furthermore, stress variation is relatively insensitive near the moment of failure due to the nature of the stress-strain curve, while the strains varies significantly and can be identified easily.
The contour plots also reveal that the high stress/strain first occurs in the inside wall of the test specimen. This implies that the material fails first inside the cavity, then the failure propagates outward in a catastrophic manner. Note that the current finite element analysis is not designed for predicting post-failure configuration, including the size of rupture. 
Comparison of Finite Element Prediction and Test Data
Burst test data of two prototypic vessels are plotted in Figure 7 in terms of volume ductility defined as ∆V/V o , where ∆V is the volume change and V o is the original volume. It should be noted that there is a slight difference in defining volume: in the finite element analysis, ∆V or V o are referred to the cavity of the vessel where the pressure is applied, while in the actual test, it is based on the entire volume of the test specimen as is measured directly by, for example, the displaced fluid in the test chamber. However, it is believed that the difference in volume change is within the inherent experimental error band because the majority of the deformation occurs in the cavity of the specimen.
When the stress-strain curve in Figure 4 (the yield stress is 483 MPa or 70 ksi) was used in performing the finite element analysis, the calculated result overestimated the experimental data. As noted earlier, the stress-strain curve was obtained from specimens harvested from prototypic tritium vessels, which were made of the same type of forged stainless steel with wide range of acceptability in fabricating the vessels, that is, the yield stress can range from 379 to 517 MPa (55 to 75 ksi). Because the tensile properties of the actual burst test specimens were not determined, the stress-strain curve in Figure 4 was scaled down to have a yield stress of 434 MPa (63 ksi), which is within the range of acceptable yield stress. Based on the adjusted stress-strain curve (see the inset of Figure  7 ), the finite element result agrees well with the test data as shown in Figure 7 .
It should be mentioned that the peak pressure in Figure 7 before the curve bends over represents the burst pressure, and the corresponding value of ∆V/V o is the volume ductility at failure. The volume ductility is widely used as an index for material performance in tritium-loaded and aged vessels. Figure 7 Comparison of the actual test data and the finite element prediction using a stress-strain curve with yield stress scaled to 434 MPa (63 ksi)
Failure Criterion for Burst Prediction
It was noted in the tests that the burst pressure is less sensitive to the material property change caused by tritium exposure and decay than the burst volume ductility. However, the volume ductility (∆V/V o ) is observed to be significantly influenced by the presence of tritium and helium. As a result, a strain-based failure criterion, rather than stress-based, is sought in terms of the maximum plastic strain in the sidewall, where the failure is predicted to occur. Figure 8 shows the variations of the pressure level and the volume ductility, respectively, as functions of the maximum equivalent plastic strain (ε pl,max ) when the specimen is pressurized. It is apparent that the pressure varies slowly after the specimen is yielded. On the other hand, the plastic strain continues to rise in a nearly linear manner. In fact, the data point can be fit to an equation with very high least-square (R 2 > 0.999):
Therefore, for a general strain-based burst criterion, the following expression is proposed:
The proportional constant, C, may be a function of vessel geometry, material of construction, and tritium service history. In the present case, C= 1.25 and ε pl,max = 22%.
Note that this ε pl,max is less than the limit of uniform elongation denoted by ε UTS (the strain corresponding to UTS), which is about 32% as shown in the inset of Figure 7 . The correlation between ε pl,max and ε UTS has not been established. However, ε UTS is often used for failure criterion to avoid unstable, local necking, and is used as a crucial material performance indicator. Additional material testing for tritium exposed materials and burst tests for vessels with matching material conditions are recommended to provide verification of the methodology for aged materials systems. 
PREDICTION OF TRITIUM-EXPOSED VESSELS
It is speculated that the failure of tritium-exposed vessels under burst test occurs soon after the mudflat cracks 3 are formed in the inside wall where tritium absorption, diffusion, and decay to helium-3, occur. It may also be reasonable to assume that these cracks are initiated at the yield stress of the exposed material. In the absence of tested tensile properties for the exposed material in the inside wall of the vessel, the material stress-strain curve is constructed to reflect the helium-3 concentration-dependent tensile properties reported by Robinson [5, 6] . In addition, to account for the loss of load carrying capacity of the material after the mudflat cracks are formed under internal pressure, it is assumed that the material behaves elastic-perfectly plastically with a reduced Young's modulus.
A fine-meshed finite element model was used in this part of analysis to provide a better transition of the tensile properties from the exposed (inside wall) to the unexposed states (outside wall). This model contains 3544 elements and 3564 nodes, with 20 elements across the thickness of the sidewall. Both axisymmetric and hydrostatic fluid elements were used, as discussed earlier.
Exposed Material -Helium-3 Concentration-Dependent Tensile Properties
The tritium effects on the tensile properties have been investigated extensively (e.g., [5] [6] [7] [8] ) but are incomplete due to many variables such as the source of helium and various exposure scenarios. Typically, a stainless steel responds to tritium exposure by increasing the flow stress slightly, but the ductility is reduced markedly, due to the presence of decay helium-3 and hydrogen embrittlement. This phenomenon appears more pronounced in the annealed material than in the high energy rate forged (HERF) steel [7] .
Robinson [5, 6] reported the effects of tritium and decay helium on tensile properties for austenitic stainless steels HERF 304L, 316, and 21-6-9. The miniature tensile specimens were charged with tritium and allowed sufficient time to saturate the gage section. Various aging times were used for the accumulation of helium-3 resulting from tritium decay. The tensile properties as functions of helium concentration can be found in Reference [5] . The yield stress and UTS are elevated as the helium concentration increases, while the uniform elongation, total elongation, and reduction of area are decreased. Note that the charged tritium was not totally removed from these tensile specimens before testing. Table 1 summarizes the tensile properties that were extracted from the test results in Reference [5] with helium concentration at 0, 125, 250, and 500 APPM. The zero helium concentration was achieved with the hydrogen-charged specimens [5, 6] . A set of simplified true stress-true plastic strain curves can be constructed (Fig. 9) . These stressplastic strain curves are linear because only the yield stress and the (true) UTS data points are available. The failure point for each stress-strain curve can not be identified because the failure stresses were not reported in References [5, 6] . Therefore, the range of validity the vessel wall in the thickness direction, but arrested near the degraded (exposed) material boundary. As the internal pressure continues to increase, one of the mudflat cracks, in probabilistic sense, may eventually advance through the vessel wall to form a single, catastrophic crack as seen in the burst test.
of the stress-strain curves in Figure 9 is up to the UTS, and no Bridgman correction is needed. Figure 9 Simplified stress-strain curves for exposed HERF 316 at various helium concentrations
To be consistent with this material data set from Reference [5] , the tensile properties for the hydrogen-charged-only (the lowest stress-strain curve in Fig. 9 ) is applied to the unexposed portion of the vessel in the finite element analysis. As a first order approximation for the mudflat cracks occurring in the exposed material (with helium concentrations of 125, 250, and 500 APPM, respectively, see Fig. 9 ) under internal pressure loading, the elastic-perfectly plastic material response was adopted with an arbitrarily reduced Young's modulus (to about ½ of its original value) to account for the loss of load-carrying capacity due to cracking. This treatment was achieved by invoking the ABAQUS User's Subroutine "USDFLD" [1] . A more reasonable approximation was carried out to set a low stiffness in the circumferential direction of the vessel (anisotropic formulation), but was resulted in numerical difficulties during the analysis. Note that the corresponding yield stresses are 550, 570, and 630 MPa (80, 83, and 91 ksi), respectively, for the exposed material containing helium-3 with 125, 250, and 500 APPM ( Table 1) . The strain hardening portion of the stress-strain curves in Figure 9 for helium-bearing materials was not used when cracking occurs.
A parametric study was performed for the depths of tritium penetration (0, 20, 40, and 60% of the sidewall thickness) at each helium concentration level. The calculated result is shown in Figure 10 for the case of 500 APPM. It represents the evolution of volume change and the internal pressure during the burst test. These figures (Fig. 10 for 500 APPM and similar ones for 125 and 250 APPM) are used to determine the burst pressure and the corresponding volume ductility for each of the case. Note that the volume change and the cavity pressure of the specimen are normalized, respectively, by those for the zero-helium concentration case (hydrogen charged only), for which the burst pressure is 77 MPa (11.16 ksi) and ∆V/V o is 0.286. It can be seen that the predicted burst pressures are within 5% of that for the helium-free material. However, the presence of helium significantly reduces the volume ductility. The relationship between the volume ductility and the helium concentration for various depths of tritium penetration can be seen in Figure 11 , which can be used to determine the volume ductility for an exposed vessel without knowing its service history as long as helium-3 concentration can be estimated. It would be interesting to note that the material in the inner sidewall, where the tritium and helium are both present, may sometimes carry higher load (stress) as seen in Figure  12a for the case of high helium concentration (500 APPM) and deep tritium penetration (60%). This is caused by the elevated flow stress (Table 1) . However, this material is penalized by the lower ductility (Table 1) while the plastic strain remains high in the inner sidewall (Fig. 12b) . From the current formulation of the material constitutive law (Fig. 9) , it seems that there is a subtle balance among the flow stress, ductility, and the depth of penetration. This may explain the unexpected behavior of ∆V/V o at higher helium concentration with deep thickness penetration (> 40%, see Fig. 11 ). On the other hand, for an actual tritium vessel in service, deep tritium penetration with high helium concentration in the sidewall may be unlikely to occur. Figure 12 is used for illustration purpose.
(a) (b) Figure 12 Contours of (a) Mises stress in MPa and (b) equivalent plastic strain (PEEQ) in a test specimen with 60% of sidewall thickness containing helium with helium concentration of 500 APPM
DISCUSSION AND CONCLUSIONS
The finite element procedure developed in the present work has demonstrated that the burst pressure and volume ductility can be predicted for unexposed tritium vessels (Fig.  7) . However, for the vessels that have been in tritium service, only qualitatively consistent results can be reported, that is, the burst pressures remain similar but the ductility is significantly reduced as the exposure time increases. A strong dependence of volume ductility on the helium concentration has been shown. For example, when a uniform distribution of helium with 100 APPM penetrating 20% of the vessel inside wall, the volume ductility is only 1/3 of that for a helium-free material (Fig. 11) .
Because the tritium and helium concentration profiles are functions of the initial condition, duration of aging, and the off-gas temperature, etc., the detailed fabrication information and service history are essential to create a realistic finite element model with an appropriate material idealization for accurate prediction of the burst properties. A systematic approach with a carefully selected test matrix, and a complete material property database should be developed.
All burst tests for the exposed vessels show the presence of multiple crack networks on the inside wall. These part-through wall cracks are oriented longitudinally in the case of cylindrical vessels. The lack of understanding of the cracking process poses a serious difficulty in accurate prediction of tritium-affected burst properties. The experimental observations and the present analysis strongly suggest that the crack nucleation and the depth of propagation play important roles in the marked decrease of burst volume ductility for the exposed vessels. In order to further improve the modeling prediction capability, experimental efforts are needed to determine the cracking mechanism under burst test conditions. This may be achieved by a series of testing of identically exposed vessels, each subjected to different pressure level up to burst, and followed by destructive examination for cracking. Alternatively, by interrupting a single burst test which is coupled with acoustic emission and nondestructive ultrasonic examinations, the crack initiation can be monitored and the subsequence crack growth can be sized. The numerical procedure to simulate the mechanical response of the cracked material can then be formulated after the cracking event is properly characterized.
